Abstract. The multidecadal hydroclimate variations of the Seine basin since the 1850s are investigated. Given the scarcity of long term observations of hydrological variables, a hydrometeorological reconstruction is developed based on an method that combines the results of a downscaled long-term atmospheric reanalysis and local observations of precipitation and temperature.
tation of the aquifers (Viennot et al. 2009 , https://www.metis.upmc.fr/ aqui-fr/#_Documents), compared to the 3 layers used in Modcou (Rousset et al., 2004) . AquiFR has therefore a more realistic representation of groundwater and water exchanges between groundwater and rivers compared to the version of Modcou used in Bonnet et al. (2017) . Water abstractions can also 25 be taken into account by AquiFR. However, in order to focus only on climatic influences, the reconstruction used in this study does not take these water abstraction into account. In any case, water abstractions of the late 19th and early 20th centuries are not knownmostly unknown prior to 1980.
The Safran analysis, based on about thousands observation stations collected by Météo-France and an optimal interpolation algorithm, provides the seven atmospheric variables necessary to force the Surfex-AquiFR system (liquid and solid precipita-30 tion, incoming longwave and shortwave radiation fluxes, 10m wind speed, 2m specific humidity and temperature), at the hourly time step, on an 8km grid, from 1958 to present. This analysis is described and evaluated in Quintana-Segui et al. (2008) and Vidal et al. (2010) . Safran is used in our study to run a reference simulation with the Surfex-AquiFR system. The differ-ences between the reconstruction and the Safran-Surfex-AquiFR simulation only depend on the quality of the reconstructed meteorological forcing.
The Seine hydrometeorological reconstruction
A new hydrological reconstruction is developed over the Seine basin, improving on the method presented in Bonnet et al. (2017) , with two main objectives: (i) to increase the study period to the 1850s, in order to characterize more robustly the 5 multidecadal hydroclimate variations, and (ii) to improve the representation of river flows, particularly at the daily time scale, to obtain a better representation of extreme events such as droughts and floods in order to study their multidecadal variations.
To extend the study period, the long-term atmospheric reanalysis NOAA 20CRv2c (Compo et al., 2011) , which begins in 1851, is used. This reanalysis is based on a global atmospheric model, using observed sea-ice (COBE-SST2; Hirahara et al.
2014
) and sea surface temperature (SODAsi.2) as boundary conditions, and with the assimilation of surface and sea level 10 pressure observations. 56 members, sampling the reanalysis uncertainties are available.
The main idea of the Bonnet et al. (2017) method is to use a stochastic statistical downscaling method to downscale a long-term atmospheric reanalysis such as NOAA 20CRv2c and then to constrain the downscaling results using available local
observations. An ensemble of potential trajectories of precipitation and temperature over France at high resolution is generated thanks to the stochastic downscaling method. Then, the trajectory the closest to the monthly observed homogenized series of 15 precipitations and temperature (see section 2.1) is selected.
To improve the representation of the daily variability of the Seine reconstruction in this study, a daily constraint is added before the monthly constraint described above. In order to create an ensemble of trajectories large enough to find satisfactory trajectories at the daily time scale, the 56 members of the NOAA 20CRv2c reanalysis are downscaled. The same downscaling method as in Bonnet et al. (2017) is used here. It is based on the analog method (Lorenz, 1969) at the daily time scale. Four 20 predictors are used: precipitations, surface temperature, sea level pressure and specific humidity at 850 hPa. For each day Dn of the reconstruction period , the 50 best analog days Ai=1. . . 50 in the learning period with the most similar large-scale atmospheric state (as characterized by the 4 predictors) are searched. The local variables of interests of the analog days Ai=1. . . 50 from the Safran analysis are finally used to estimate the potential local states of the day Dn. With this approach, all the variables necessary for hydrological modelling are obtained on the Safran grid from 1852 to 2008.
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Here, the 50 best analog days of each of the 56 downscaled NOAA 20CRv2c members are conserved, which results in 2800 potential analog days for each day of the reconstruction period (with potentially similar analog days in the different members).
As each analog day corresponds to a day of the learning period, the corresponding daily map of precipitation and temperature from Safran are selected and compared to the daily station observations (see section 2.1) after regridding. Reggriding consists in selecting the Safran grid point the closer to each observation station. Note that the number of stations vary on the 1852- (i) The average daily bias in mean precipitation averaged over the Seine basin is calculated for the 2800 analog days, and the 60 analog days with the lower bias are conserved.
(ii) The spatial root mean square errors for to the 60 analog days are calculated for temperature. For precipitation the error to the cubic power rather than to the square power is used, in order to give more weight to strong values of precipitation, and the absolute value is then used .
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(iii) The daily series of the precipitation and temperature errors obtained are then standardized over the whole period and added, with a weight of 1 for precipitation and 0.5 for temperature. Different tests have been conducted to choose the best combination of weights. Each day of the reconstruction period, the 3 analog days (out of 60) with the lower errors are finally conserved.
Based on these 3 selected analog days, a monthly constraint is then applied as in Bonnet et al. (2017) . The interest of also 10 using a monthly constraint after the daily constraint is that monthly data are homogenized contrary to daily data and therefore it allows for a better representation of low-frequency variations.
To sum up, the hydrometeorological reconstruction developed on the Seine basin is constrained on a daily basis over the 
Method
In order to extract the multidecadal variations from the interannual series, a Lanczos low-pass filter (Duchon, 1979) with a cutoff frequency of 30 years and 31 weights is applied. No padding at the ends of the series is applied: the first 15 years and the last 15 years of the unfiltered series are considered as missing values in the filtered series.
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In order to focus on multidecadal variations, long-term trends are removed before most of the analyses shown in this study.
As it is very unlikely for the trend to be linear on the very long period analyszed in the paper, non-linear long-term trends are computed using an ensemble empirical mode decomposition algorithm (EEMD; Wu and Huang 2009). This algorithm decomposes a series into a sum of signals that characterize the different temporal variability scales that compose this series.
The interest of this method is that it is adaptive to the signal studied and non-parametric. Intrinsic mode functions (IMFs), with 30 a zero average, are built up over time, from the lowest to the highest frequencies. The algorithm also extracts a non-linear trend adapted to the series and the period concerned.
In order to avoid an artificial skill induced by the annual cycle when calculating daily or monthly correlations between the observations and the reconstruction, the series are deseasonalized beforehand. For daily series, a centered running average of 31 days is applied first to limit the noise in the computed annual cycle. Then, the climatological average is calculated for each days of the year. For monthly series, the annual cycle is simply calculated by the climatological average of each month.
In this paper, winter means December-January-February (DJF), spring means March-April-May (MAM), summer means account by the hydrological model, or measurement artifacts may be responsible for these lower correlations. Alternatively, they may be due to hydrological modelling, especially since these lower correlations are seen for small catchments (not shown).
To go further in assessing the reconstruction, the two long observations of available flows in the Seine basin are compared to the reconstructed river flows (Figure 3 ). The reconstruction correctly reproduces interannual variability of both long-term river flows observations (Figure 3a-b) . River flows in 1910, influenced by an exceptional flood, are underestimated at Paris 20 while it is rather correctly reproduced at Aisy-sur-Armançon. The multidecadal variability of observed flows is also quite well reproduced by the reconstruction (Figure 3c-d) . For the Seine at Paris, these variations are underestimated at the beginning of the 20th century and underestimated at the end (Figure 3c ). Differences in long-term trends, with a much stronger negative trend in the observed series compared to the reconstruction (not shown), are probably at the origin of these differences. The meteorological forcing variables of the reconstruction that can be evaluated, and in particular precipitation, do not show an Paris that started in the 1960s, whose objectives include flood control, may be the cause of this decrease.
Piezometric levels
In France, long-term observations of piezometric levels (measure of the head of a groundwater table) are very rare. The In spring, the river flows variations are concomitant with strong and significant precipitation variations over the entire Seine basin (Figure 7f ). During the negative multidecadal phases, spring precipitation is on average 20% lower than during the 15 positive phases. These precipitation anomalies also lead to significant soil moisture anomalies, between 5 and 10% ( Figure   7g ). The evapotranspiration does not show significant differences between the negative and positive multidecadal phases of the Seine river flows (Figure 7h ), likely because it is energy-limited rather than water-limited in this region in spring.
Except for a small area in the south east of the catchment in fall, no significant differences in precipitation are noted except in spring. The significant river flows variations in winter and summer therefore cannot be explained by concomitant precipitation 20 variations alone, suggesting that hydrological processes are at play.
In winter, the negative multidecadal phases of the Seine river flows are characterized by significantly lower evapotranspiration than in the positive phases (Figure 5d ). Negative temperature anomalies, close to 0.8K and significant over the whole basin (not shown), are likely the cause of these evapotranspiration anomalies. As the evapotranspiration anomalies are negative during the dry phases, they are not responsible for the river flows anomalies and they actually tend to moderate them. The 25 soil moisture presents significant variations between the negative and positive phases over a part of the Seine basin in winter (between 5 and 10%) (Figure 7c ). They are probably related to differences of precipitation, between 10 and 15%, even if they are not significant. Large, and significant over a large part of the catchment, soil moisture anomalies between positive and negative multidecadal phases, between 10 and 15%, are noted in summer (Figure 7k ). The absence of significant precipitation and evapotranspiration 
Role of groundwater table
In the Seine basin, the groundwater-river exchanges plays an important role in sustaining summer flows on the Seine catchment (Rousset et al., 2004) . Interestingly, the groundwater-river exchanges over the Seine basin show strong multidecadal variations 5 over the past 150 years for all seasons (Figure 8 ). These variations are in phase with the multidecadal variations in river flows and their amplitude is large (compare Figure 6 and Figure 8 ), pointing to an important role of groundwater dynamics in multidecadal river flows. We calculated the standard deviation of filtered river flows series (as in Figure 6 ) before and after the removal of the groundwater-river exchanges shown in Figure 8 . The standard deviation is 64% lower in summer, 52% lower in autumn, 41% lower in spring and 38% lower in winter after the removal of the contribution of groundwater.
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Groundwater-river exchanges are therefore the dominant driver of multidecadal variations in summer and autumn flows, with also an important influence in winter and spring. The multidecadal variations in groundwater recharge and therefore levels are very likely explained by the multidecadal variations seen in late winter and early spring precipitations.
Role of soil moisture
Groundwater-river exchanges roughly explain 2/3 of the strong multidecadal river flows variations that exist in summer, point-
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ing to the role of other mechanism(s). As seen in Figure 7k , a large part of the basin in summer is characterized by significant negative soil moisture anomalies during negative multidecadal river flows phases. Soil moisture anomalies may impact river flows through the modulation of the partitioning of precipitation between runoff and infiltration (e.g. Boé and Habets 2014) .
Consistently, the ratio between total runoff and precipitation is significantly lower over a large part of the basin, where the soil moisture anomalies are significant, during the dry multidecadal phases ( Figure 9 ). As suggested by Bonnet et al. (2017) for the 20 Loire Basin (see Figure 1) , positive multidecadal anomalies of spring soil moisture due to anomalous precipitations persist in summer, especially over the upstream part of the catchment, and then influence summer river flows by favoring runoff against infiltration.
5 Influence of multidecadal river flow variations on extreme events
Links with floods and droughts
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The improvements to the reconstruction described in section 2.3 allows for a better representation of high-frequency variations compared to previous works (Bonnet et al. 2017, see Figure 2 ) and therefore of extreme events, such as floods and droughts.
To assess the influence of multidecadal hydroclimate variations on extreme hydrological events, the ratios of the number of flood (drought) days during positive and negative multidecadal phases are calculated. A flood day is simply defined here as a day with flows larger than the 95th percentile computed on the four multidecadal phases considered : 1910-1930, 1975-1995, 30 1948. In both cases, the level falls down during the drought, but they remain not extreme in 1921, while extremely low values are reached from the spring 1949. As a result, the water to river exchanges in 1921 remain above those of 1949 by between 17 and 83 m 3 /s from august of the year n-1 to September of the year n (Figure 11c-d) . Despite the lower groundwater-river exchanges, the rivers flows of the 1949 event generally remain above those of the 1921 drought from the autumn of the year n-1 to spring of the year n. The larger groundwater-river exchanges in 1921 allowed by the high levels during this period Large-scale atmospheric circulation shows significant differences between the positive and negative hydroclimatic phases identified in section 4.1 (Figure 12a ). The negative multidecadal phases of the Seine river flows are characterized by signif-15 icantly higher pressures over northern Europe, and significantly lower pressures over North Africa. This circulation pattern leads to lower westerlies over Western Europe and therefore to negative precipitation anomalies over the Seine basin. Large scale circulation therefore likely explains a large part of multidecadal variations in precipitation.
The persistence of significant atmospheric circulation anomalies on decades suggests the existence of a slower external forcing acting on the atmosphere. Because of its inertia, the ocean is a good candidate. Significant variations of sea surface 20 temperature in the North Atlantic are visible between the multidecadal phases of the Seine river flows. During the negative phases, the North Atlantic basin is characterized by significant warmer surface temperatures, around 0.4 to 0.7°C, especially in the subpolar gyre and the tropical North Atlantic (Figure 12 ). These SST anomalies suggest that the Atlantic Multidecadal Variability, the main mode of variability at these time scales in this region, is at the origin of these multidecadal variations of atmospheric circulation. This result is consistent with Sutton and Dong (2012) and Boé and Habets (2014) . 
